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3STPACT 


A set of manual track ino experiments has '■oen conducted to 
determine the suitability of tactual displays for presentinc 
f licht-control information in multi*task situations* Although 
trackina error scores are considerably greater than scores 
obtained with a continuous visual displavi preliminary results 
indicate that inter-task interference effects arc substantially 
less \'ith the tactual display in situations that iiroose hiah 
Visual scannincT workl'^ads. The sinole-task performance decraJa- 
tion found with the tactual displav apnears to be a result of 
the codina scheme rather than the use of the tactual sensory 
node per se. Analysis with the state- variable pilot/vehicle 
model shows that reliable predictions of trackina errors Ci-*. 
be obtained for widt-band trackina systems once the pilot-, elated 
model parameters have been adjusted to reflect the pilot-'*' splay 
interaction. 
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I , INTRODUCTION 


O'jjecti ves 

In current aircrafti nearly all the flioht parameter infor- 
mation available tc the pilot is transmitted to him visually, 
whether under visual contact or instrument flyino conditions* 

Xt has long been recoonized that during instrument flyino condi- 
tions the task of seanniner just the essential instruments is a 
taxino, faticuinci one. It may be that displays usxng information 
from other modalities can alleviate the demands of this task* 
Furthermore, the importance of maintaininc continuous attention 
to the visual scene outside the cockpit is being increasinoly 
realized for a number of situations* Traditimal panel-nounted 
visual displays do not permit this, whereas display of informa- 
tion to other modalities could free the eyes substantially from 
tasks inside the cockpit. 

The goal of the study reported in this paper has been to 
develop tactual displays that can be utilized for flioht control* 

The work has been conducted in three distinct phases t (a) review 
and selection of elemental tactual transducers (tactors) for 
operation in display arrays, (b) development of tactual disrlav 
confiourations for flight control, and (c) evaluation of the 
proposed tactual displays in a series of manual trackino experi- 
ments utilizing the tactual arrays together with suitable dynamics 
simulation of aircraft motions* 

This paper summarizes the results of the tracking experiments* 
Additional details on all phases of this project may be found in 

m. 


Background 

Both auditory and tactual displaye have been applied to the 
area of vehicle control* Perhaps the best known study in the area 
of auditory displays was the proqram known as flying by auditorv 
reference (FLYBAR) (2, 3] • The attempt was to supply the pilot 
with all the information he required to enable him to maintain a 
reguirad flight path* By so doing, he would be able to devote 
more time to scanning the outside environment* Althouoh initial 
experimental success was achieved, an operational svstem was 
never developed* 



Tactual displays can offer two distinct advantages over 
auditory presentations* First, tactual displays should not 
interfere in any real wav with speech communications. Second, 
the tactual modalitv is not limited in its ability to present 
information in a spatial pattern. Ballard and ..«»ssinger (4) 
report an carlv attempt to supply flight control information 
usinc lust four vibrators mounted on one thumb* Hirsch and 
Kadushin (5J and Fenton (61 have both used tactual displays 
to supplercnt visual display information and have found an 
rnhnnr.r cnt c-r » ared \*ith using the visual display alone* 

In arditicn to these studies relating specifically to 
vehicle control, there have been a number of studies dealincr 
with the characteristics of tactual tracking* f^ost of these 
studies have displayed information to the more moveable parts 
of thr l-odv, such as the hand and arm {7-lC) and the head and 
face (11-121 . Those investigators that have displayed informa- 
tion to the torso [13, 14 J used just three vibrators per 
trackinrr dimension to indicate cither zero error, left-right 
or up-down displacement, hill et al, (7] suggested that tac- 
tile displays are correctly interpreted more freouentlv when 
located on bodv locations not involved with motion. 

v?c considered that displav-control compatibility would 
be an Important variable in determining vehicle control perfor- 
mance* Because f this, v/e selected the chest and abdomen as 
the display area, since it is usually relatively immobile, and 
the display-control relationships are unlikely to be altered as 
the human operator performs his various functions* rhe torso 
also provides a relatively uniform display area for exploring 
various display sizes anc geometries* 

Ke also wished to evaluate a two-oimensional tracking 
display with minimal confusion between axes as well as high 
displav-control compatibility without the use of large numbers 
of stimulrtors. Preliminary experimentation explored various 
configurations for possible use as flight control displays, and 
an x-Y display was selected with 7 stimulators on each dimension 
with a common stimulator shared at the point of the axis crossing* 
In order to enhance the Pilot’s ability to interpret the tactual 
information, X- and v axis tracking errors were presented seouen- 
tiallv, rather than simultaneously* 

Because of previously reported studies which indicated that 
simple intensity coding would not be adequate in a multi-task 
situation (13, 15), other coding dimensions were employed in this 
study, r ripple display was designed that used both number of 
tactors stimulated in a sequence as well as the rate of strobing 
to indicate the magnitude of the tracking error* Since preliminary 


experimentation indicated that Pilots would have difficulty in 
distinguishing between different rates for ripple rates greater 
than 26 llz, the rlnnle rate was varied continuously with error 
magnitude over a range of 2.C to 26 Hz. (This ranoe is lower 
than that found to be optimal bv Hill (8) in his ® 

ripple display', but we were using a different form of coding 
and a differs, type of stimulation.) 


2. PPncEOURES 


Description of the Task 

The bulk of the experimental program was devoted to an 
investigation of continuous manual tracking performance with 
tactual and visual displays, in addition, combined tracking 
and visual monitoring tasks were studied in order to provide 
comparisons of tactual and visual tracking displdvs in situa- 
tions imposing a high scanning workload. 

Descriptions of the tracking and monitoring tasks are 
civen below, followed by descriptions of the tracking 
^d of the procedures used in analyzing the experimental data. 
Additional experimental details are provided in the discussion 
of experimental results (Section 3). 

Traaking TaBkB 

Two very Important constraints were placed on the selec- 
tion of a tracking task. First, we wished to simulate the 
important aapect. o£ . flight-control task, secondly, it was 
important to obtain an accurate and c^i.ete 
of the pilot-display interaction so that the results of this 
experiment could be extrapolated to other manual control tasks 
using tactual dlsplavs. 

These two consitleratlons led to the selection of a simulated 
attitude regulation task. A wlnas-level operating point was selec- 
ted, thereby allowing the pitch and roll axes to ^ 

This task not only prtvided the facilitated^bv 

but interpretation of tha measuremerts was greatly facilitated by 
allowing each perceptual dimension of the tactual dlsplav to relat 
to an independent sincle-variable control task. In this manner we 
miniiPiz.d th. liklihood that pilot's 5**P?""* 
tactual display variable would be confounded by his response to 
other tactual (or visual) display variables. 



Simnlified vehicle dynanics were selected to represent the 
resronse of a hiah-speed fighter aircraft having good handling 
Qualities fl6^ 17]. Pitch dynamics were of the form 


jf ( s ) ~ 2 ' ' ' '2 

e s(s 2^ 8 + 0 '*) 

o o 


( 1 ) 


and the roll dynamics were 



Values for the dynamic parameters were 


Tq « 0.25 sec* 
u » 6.0 rad/sec 
C » 0.85 
Tj. * 0.3 sec 


and the control aains and were selected during traininn 
to provide acceptable system responsiveness. 

The pitch and roll axes were perturbed by independent 
random -appearing inputs v;hich v/ere applied as vehicle distur- 
bances. The transfer function relating pitch response to 
Pitch-axis disturbance was the same as the pitch/control 
relationship shown in Fouation (1) except that the numerator 
contained no root. The roll-axis disturbance v;as applied in 
parallel vith the pilot's control input. 

Both disturbance inputs were constructed by summino 
toaeth( r 13 sinusoit'*; cf randor r' nrc relptionships to sirulntc 
• :rct- I _r r.6:re processes i.avin'* break freouencies of 

2.C rad/*^pc. Innut arrlitydcs v;erc adjusted during trainina to 
vield nearlv eoual nitch and -roll mean-snuared error scores for 
the visual display condition. 

A two-axis hand control provided independent control inputs 
to the pitch and roll axes. The control was primarily a force- 
sensitive device (.12 cTt of stick motion per newton of force) and 
could he manipulated with wrist and finacr motions. 


*A TfT on the order^jf 1.0 second is more commonly associated with 

hxah-speed pitch dynamics. But because the hand control used in 
these experiments allowed a very rapid control response^ it was 
necessary to lower the value of to provide reasonable response 
dynamics. 


Two instrument-rated pilot served as test subjects for the 
entire experimental program* Subject *A" was a commercial air- 
line pilot with over 1000 hours of instrument flight timer 
subject **B* wa&» a recent Kaw pilot with over 300 hours of 
instrument time. Subject B had accomplished approximately 150 
carrier-landings with medium-attack aircraft* 

Heual Honitoving Ta$k 

A visual monitoring task was u«:Td in the final evaluation 
experiment to provide a substantial scanning workload* The 
pilot was required to scan between two meter movements and to 
depress a hand-held response button whenever either or both 
of the meter Indicators was outside a clearly-marked "allowable* 
region. Separation between the meters and between each meter 
and the visual tracking display was sufficient to recuire overt 
visual scanning* The display panel for the combined monitoring 
and visual tracking task is diagrammed in Figure 1* 

Each meter was driven by an independent simulated first- 
order noise process filtered by an additional first-order network 
having a break freguency of 1*0 rad/sec* Signal amplitudes -* 
nominally eoual for the two meters were adjusted so that the 
two meter indicators were jointly within their allowable regions 
about 509 of the time* The rate at which the subjects had to 
change the state of the response button vas determined experi- 
mentally to be about twice every three seconds* This relatively 
high response rate^ coupled with the separation between displays^ 
assured a high scanning workload whenever the visual monitoring 
task was performed* 


Tracklnn Displays 

Three tracking displays were employed in this experimental 
programi (1) a continuous visual display, (2) a tactual display, 
and (3) a quantized visual display that was designed to be a 
visual analog of the tactual display* 

Continuous Visual Display 

The continuous visual display consisted of a CRT oresenta- 
tion of an artificial horizon* Dleplev motion was compatible with 
that found in an aircraft attitude instrumentr i*e*, a clockwise 
roll of the aircraft was represented bv a counter-clockwise 
rotation of the display indicator, and a nose-down attitude 
was designated by an upward displacement of the indicator* The 
display panel was located approximately 30 inches from the sub- 
ject's point of regard* 



T actual Viaptay 
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rirr»Rr l. rianrar of rorbined '^rackinn and vonitorina oisnlay 


A variety of tactual display conf iourations were explored 
and evaluated durinq the initial traininq phase of this rroarar* 
Only the configuration used in the fomal data-takino sessions 
is described in t^is paper; details on the prelitnincrv display 
designs may be found in [11 • 

A diagram of the tactual display is given in Figure 2. Thir- 
teen mechanical vibrators (bimorphs) were arranoed in the shape of 
a cross with three tactors in each of the four arms at»d a single 
tactor at the junction* '^actors were concentrated towards the 
outer limits of each arm to provide a clear cue as to the direc- 
tionality of the tracking error. The upper and lateral arms of 
the display were of equal dimensions > whereas the lower arm v;as 
compressed to enhance comfort in wearing the display on the 
chest and abdomen* 

The display was coded so that both the number of tactors 
excited and the rate at which successive tactors \*erc stimulated 
(the "ripple rate") provided information related to the maonitude 
of the trackincr error. When trackinc error i/as holow a certain 
threshold levels only the center tactor was stirulatcd at in- 
frequent intervals. For laroor errors^ two or more tactors were 
stimulated in succession, with the interval between successive 
tactor stimulations beinc inversely proportional to the maoni- 
tude of the error* The ripple rate, then, cave a sional pro- 
portional (within limits) to tracking error, whereas the number 
of tactors stimulated in a sinole sweep gave a ouantized indi- 
cation of maonitude* 

A single display sweep was alwavs initiated at the center 
and proceeded outwards along one of the four display arms* Thus, 
an additional cue was provided in that thr portion of the anatomv 
stimulated by the tactors indicated the directionality of the 
signal* In order to maximize the ability of the pilot to inter- 
pret Information obtained from the tactual displav in a two-axis 
tracking situation, signals were presented sequentially, rather 
than simultaneously. The penalty for this coding scheme, of 
course, was an increase in the effective perceptual delay time* 

Operation of the tactual display is perhaps best visualized 
by reference to the timino diagram of Figure 3* Assume th«t the 
X-axis and Y-axis errors are larae enough to excite three tactors 
in each axis, and assume that the X-axis error is detected first. 

As soon as this error is detected, a 3S*3-mscc pulse (6 cycles of 
a 170 Hz waveform) is generated on the center tactor. An inter- 
stimulus-interval (ITZ) proportional to the error at sample time 
is then generated, followed by stimulation of the second tactor* 
Another ITI is generated, followed by stimulation of the third 
tactor* Presentation of X-axis information is completed, and a 
pre-determined cuiet interval (the ZAI, or inter-axls-interval) 
follows* 
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0urisMi the IAZ« the Y-axis error is ssBPled, and the process 
reneats itself for the Y-axis information while the X-axis taetors 
remain ouiet* If only a single axis is tracked if the 

error on one axle is insof fielent to stimulate two taetors) , 
successive sweeps are cenerated on a sinqle display axis. In 
this caset the inter-sweep dwell period is automatically extended. 

Independent inputs to the display control unit allowed 
individual control of the niscber of taetors stimulated as well 
as of the riPple rate. Thus# seme flexibility was available in 
determining the relationship between tracking error and the 
various codinc dimensions. A single su^ relationship was used 
during the course of the formal experiments. 

The tactual display operated in a sample-and-hold fashioni 
the period of the sweep alono a civei* axis was determined by the 
error sample obtained prior to the initiation of the sweep. 

Because X- and Y-axis information was presented seouentially# 
the *display period* (i.e.# the time between initiations of 
successive presentations on a given axis) was a function of 
the error sasmles obtained from both axes. 

Figure 4 shows the relationship between display period 
and tracking error for both one-axis and two-axis tracking 
situations, (Eoual X and v errors arc assumed for the two- 
axis case,) The discontinuities in the curves occur at values 
of treekino error where an additional tactor is stimulated. 

Because of the greater inter-sweep dwell time for the 1-axis 
situation# the two-axis display periods are less than double 
the one- axis periods for a given tracking error. 

In order to maximize transfer of learning between visual 
anc tactual disrlavs, tactual stimula^. ion corresponded as closely 
as r>o8sible to irotions of the artificial horizon. Accordingly# a 
nose-down attitude produced an upward ripple of the taetors# and 
a roll-left attitude produced a right-directed ripple. 

C uantisei: ViruoZ 

* ai.clrr of tlie tactual cisrlay '*as urc#’ to tlis- 

ncrfrrr ar.c< :c<-radations associated with the tactual 
sensor*/ mode fror degradations associated with the particular 
coding scheme. This display consisted of an arrav of thirteen 
lioht-emittino diodes (LED) arranged in an X-V pattern. The 
coding for this display was identical to that of the tactual 
disnlavs thus# stimulation of a given LED corresponded to 
stimulation of a particular tactor. 


Analysis Procedures 

Data analysis was psrformsd in order to provide quanti- 
tative deseriptiona of trmdcine efficienev with regard to specific 
tasks explored In this study and to allow the results to be extra- 
polated to other tJ ^-eontrol situations# Primary data reduction 
yielded standard measores of system perfog p cuo s and pilot bebavior 
for both the tracking and monitoring tasks# Tbs reduepd data were 
then compared with the outputs of tl»e state-ysri^le nilot/vehicle 
model developed at B8H tl6# 191# A model-adjustment procedure 
allowed the pilot-diepl^ interaction to be characterized in 
terms of pilot-related model parameters so that predietiona of 
syetem performance in other tasks could then be obtained. 

Primary Data Baduation 

Mean-squared tracking error and mea n -souared control effort 
were oompoted both during training and during the formal dat> 
sessions. In edition# means and standard deviations for ti .se 
variables were computed from rhe fonael data# These (and all 
other) performance measures were ooaputed from approximately 
the middle 200 seconds of each d^ninuta run# 

Amplitude density functions were computed from selected 
time histories of tracing error and control input. Each such 
density function wee normalised with respect to its mean and 
standard deviation to facilitate comparison with the normalized 
Gaussian density function, 

Fast-Fourier transform techniques facilitated eomputaticn 
of power spectral density functions of error and control signals# 
Each "spectrum* so co mp ut ed was separated into two cemponentss 
(a) a portion linearly correlated with the external input dis- 
turbance# and (b) a "remnant-related* component associated with 
stochastic pilot response behavior not linearly related to the 
input. The input-correlated portions of error and eontrol spectra 
were used in the oomputatioii of pilot describing functions r both 
input-correlated and remnant-related components of control spectra 
were used in the model-matchlna procedure# 

Relative levels of rssuiant-reXated and input-correlated 
power provided an indication of measursment relishilitv# If the 
estimated input-correlated error and eontrol power were not both 
at least 4 dB greater than correapondine estimates of remnant- 
related power# frecuenev-domain measures computed at this fre- 
guency were considered Insufficiently reliable for model analysis. 



'I'hi fre'ucncv-dorain anaivsis techninuos described above 
arc slrilar to those ernloved in orevious studies and are described 
in oreater detail in (20, 21). 

^ oerfomtance score was obtained for the menitorino task 
v/hich yielded a nuiPhcr nronortional to the fraction of time that 
the nilot*s response button vas not in the anoronriate state* 

The corbinei' state of the stir ulus meters v/as continuously ironi* 
tored <*in" if both meter indications were in the allowable 
reaion, •out* if not), as v/as the instantaneous state of the 
suhirct’s resrorse button, fn int€K*rator was charoed whenever 
the rcsoonse was iranorooriate • Only a sinqle rerfonrance 
measure for the total search task was obtained i no attonnt was 
rade to ciistinrruxsh )ctv7oen the various types and sources of 
n'onxcwrino error. 


In order to relate the ri lot-displav interaction to rele- 
vant niiot nararrters, the trackincr rerfonrance measurers described 
above v;ere cesrparod with theoretical results ^rom the state- 
variable (or "orti-Tal-control") oi lot/ vehicle model. As this 
irodcl has been veil documented in the literature (18, 19], no 
detailed description is oiven in this paper. We shall, however, 
brief iv rrvjcv the ri lot-related parameters of this model. 

Three clasres o^ model parameters characterize pilot 
li: itations in lai^ratorv trackino situations* First, an effec- 
tive transport lacr (i.e., "time delay") is associated with ea^ 
t erccrrual variaMo. Current imoleirentation of the model renuires 
• sin«?lc ’^alue for all such delays* Typical values rancMi from 0.15 
^ G.2 seconds. 

Fecond, a "motor time constant" is associated with each 
control ''ana) le. Tvpical values ranoe from about 0.08 to 0.10 
for laboratory tasks. 

Finally, one or more variables related to pilot remnant are 
renuired. Pilot remnant is accounted for in the model by a set 
of white-noise cisturbanccs added to each sensory variable used 
bv the ’^ilot (i.c., "observation noise"). In addition, noise 
rav also be considered to be added directly to the pilot* s control 
(i.e.r "motor noise"). 

In situations usinc idealized display and controls witli 
ortirall'*-« elected display and control aains, ea^ observation 
noise /ariance tends to scale with the variance of the associated 
display cuantitv (22). The constant of proportionality is approxi- 
matelv the same fer all inouts derived fr«r a sinole display indi- 
cator (t'/picallv, indicator displacement and rate). In this ease. 
Pilot remnant can be related to an effective "observation noise/ 
«*innal ratio", Typerimental evidence suncests that this ratio 


varies inversely with the amount of attention paid to the tapfc 
(20, 23) » A value of O.Olv (i.e., -20 dE] is a tvpiuai observa- 
tion noise/slonal rhtio for sinple-variable laboratory traekino 
tasks using stable vehicle dvnamlcs* 



P/isplav-related sources of pilot remnant can be included 
to account for sensory thresl^old and resolution liritatlons in 
non-idealized display situations (21, 24, 25]. T'^rical values 
of effective "thresholds" for continuous CPT presentations are 
0.05 decrees vi’Sual arc for in<*icntrr disrlrcerr rt - 

reconc" Tf indzr. tc^r * Trrft'-." 

*'otor noise has usually been found to eontrrbuic r^lwrivelv 
little to pilot rmnant and s^'stem error and has been included 
mainlv to reflect the pilot's imperfect knowledge of his control 
inputs. P topical value for motor noise/sirmal ratio is -25 dF. 

3. ttPJ^PirfnrPi Rtsiits 


Initial Trainlpo 



Prior to the first formal data session, the subiHsets were 
oiven considerable praetict' on the simulated niteh and roll 
tradkino tasks described in Section 2. Ttiev were trained first 
with the eentinuous visual display to facilitate rarid learnino 
of the system dvnarics. Vach subject recti vbd about thirty 
4-minute trials with the visual display, which was enounh 
training to vield reasonably stable performance scoreo on t:ie 
order of what we had €txT>ected frcei nast levels^of pilot perfor- 
mance. Train 1 no then consenced with the tactual disolav. 


Each subject received over 100 trainino trials with the 
various tactual disnlav oecmetrles and codirto schemes c^xmlored 
in this studv. On the basis of mean-souared error scores otytained 
durihg this ehaae of the nrooram, the ceoretrv and ebdiper described 
in ‘Section 2 were adopted for the remainder of the experimental 
nrooram . 


Although the enhjeets were ' trained mainl^ on the combined 
nitc^/roU task, the*' also received trainino on each component 
taidi indiv^duallv. Subjects were instructed to minimize nean- 
sooared trackine aruot traekino a sinole axis and to minimize 

the sum of the meirn-soitia:^ pit^ and roll errors %'hen traekino 
two axes. Perfommee Stores were reported after each training 
trial. Training was continued until performance .under condi- 

tion appeared to reach a reasonably stable levt ... 
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are handled bv a statistical linearizatlcm 


procedure* The observation noise variance associated with a oiven 
display variable is incremented whenever the predicted rms slonal 


level fails to be large relative to the assumed threshold. T*ic 
noise-adjustment procedure is described in (24). , 



tuperlrent 1 : 


"“actual Trackinn forforrance 


The priran' o>iective of the first formal experiment was to 
nuantlfv the interaction between the Pilot and the tactual dispXav 
ir. terrs of pi lot- related rodel raraneters. A secondarv obiaetive 
was to provide a corrarison of tactual traeklna performance to per- 
forrance with a continuous visual disc lav, 

*7 r ^ ne 

The sirulated attitude-reo*:l4tion task v*as performed 
altornatelv with the tactual and continuous visual displays, 
T'erformance rcasures were obtained for each axis tracked separa- 
te Iv as v’clX as for the cceb inert pi ten /roll task* 

Tvto levels of innut amplitude were er»ploved for tactual 
track! no so that disnlav-relatcd threshold effects could be 
'Quantified. Cccausc of the laroe performance scores obtained 
witn thr tactual cUsrlav, incut amplitudes used with this diST>lay 
verc loiv-er than the level used witli the visual displav. 

The various conditions explored in this experiment are 
listed in Table 1. Input eo^rlitudes arc shown relative to the 
amplitude used with the v:su«"X risnlav. To the extent possible « 
the various tasks ’..ere presented in a balanced order. 


Table 1 

Conditions Fxrlored in Experiment 1 



*• ‘ < n ‘"r ' 7 n er 

rvrrare standard deviation (SD) scores for tracking error 
art shovn in Kicurc S. (Cean errors were necXioiblc« for the 
rest rort. and arc rot shown here.) The nerforrance scores shown 
?r. ♦‘h'c ♦'irurt and thr'^unheut the rarer are riven in terms of 
ana let- : achirr units. Ore machine unit of error corresponds to 
2 cm vertical deflection of the visual error presentation for 
Pitch anrt aix)ut SO* rotation for roll. One unit of control 
effort represents app-roximatclv 7.7 nc\.tons cf force. 


ERROR STANDARD DEVIATION 
<Mochine Unifs) 
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RELATIVE Wmn AMPLITUDE 


PIGORi: 5* Effect of Input Amplitude on Error f5I> Scores 
(Avera^ of Two Subjects) r 



As expected from considerations of the displ.'v codinn schexne, 
tactual trackinc pcrfonrance was conslderahlv less efficient than 
nerformance with the visual display* Whon corrected for differen- 
ces in input arrlitudef the sinole-axis tactual scores were found 
to be about 3.S times as larce as the visual scores* Also as 
expected, the scores associated with the tactual display did not 
vary oroportiona.lv \*ith input amplitude* Extrapolation to sero 
input vie Ids a (positive) non-zero error score, which sucoests 
the presence of threshold-like effects* 

No significant inter-axis interference effects were found 
with the visual display* The l-axis and 2-axis pitch error 
scores were virtuallv identical} the small increment (about ISI) 
associated with the 2-arls roll score was not found to be stati*<- 
tically sicnificant.* 

Interference effects with the tactual display were larger^ 
more consistent, and statistically sicmificant* Two-axia standard 
deviations were about 35% greater for both pitch and roll* This 
relative difference was unaffected by input amplitude* As shown 
later in the paper, a good portion of the interference effects 
seen with the tacLcal display can be predicted from analysis of 
the coding sche*ne. 

Use of the *:«'etual display resulted in pulse-like control 
inputs, whereas visual display allowed continuous- looking 

control activitv. '*th subjects commented that the pulse-like 

behavior reflects. wait-and-see” strategy that was dictated 
hv the relativel/ w»na time delay aseociated with the tactual 
presentation* 

Sample time histories of error and control signals in a 
2-axis training session are 8hc»m in Figure 6* Control pulses 
were applied singly and in bursts at irregular intervals* 

Pulses within a single burst were separated by about 0*4 
seconds, and intervals between bursts of activity with a 
given control input ranoed up to 5 seconds* Figure 6 shows 
that the pitch and roll tasks were controlled secuentially • 

since the pilot/vehicle model used in this study is 
predicated on Gaussian tracking variables, amplitude density 
distributions were ob' .ined for selected time histories to 
determine the extent o which this assumption was violated* 

Time histories for error and control (one per subject) were 
analyzed for the I-axis, larger-input, pitch tracking task 
with tactual displav* As expected, the control em»plitude- 
density curves were highly non-Gauss ian and had large peaks 
associated with zero control activity* The error amplitude 
densities, however, were much more nearly Gaussian in 
appearance* 

^Sialisticai significance was tested by analysis-of*varian?e» PXesURE 6* Time Histories of Error and Control Signals 
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Because of the non-naussian nilot response activity^ the 
pi lot/vehicle model must be applied with caution. Clearly# 
one cannot expect to obtain accurate predictions of detailed 
control behavior. It is possible, neverthr less # that reliable 
predictions of tracking error can be obtained# once the model 
parameters have been "calibrated** to account for the interaction 
between the pilot and the tactual display. 

Model Analyeie 

Model analys' was und^^rtaken with the following two 
objectives in minds (1) obtain a representation of pilot* 
display Interaction in terms of pilot-related model parameters# 
and (2) demonstrate the utility of the nilot/vohicle model i,* 
predicting svstem performance with the tactual displav. Except 
for an initial calibration of display-related parameters# emphasis 
was on vj ?diotinp , rather than matching , experimental results. 

We adopted the following strategy for odel analvsist 

1. Match the experimental measurements obtained for 
the single-axis nitch task with the visual display 
in order to determine pilot time delay# motor time 
constant# and observation noise/siqnal ratio. 

2. Match the data from the single-axis# laroe-inout 
Pitch task vrith the tactual disrlav in order to 
determine the chancer in ri lot-related reraretnrr 
requir'd tr account for thu rilot*s interaction 
\'ith the tactual disnlav, 

3. t'nc t^c rararcter values determined above to 
predict the effects of input amplitude# multiple- 
task^# and system dynamics on system performance. 

Data-fittine was performed by an informal search of the 
model-parameter snacc and v;as terminated when visual inspection 
revealed a "aood'* match between model outputs and experimental 
measurements. In oeneral# error and control scores were matched 
to within 10 percent, and pilot describinn functions and control 
spectra were matched ’»ithin 2 or 3 dB. All data used for compa- 
rison with model results represents averaoe performance of the 
two test subjects. 

An acceptable match to single-axis pitch performance was 
obtained with a time delay of 0,2 seconds# a motor time constant 
of about 0.11 seconds# an observation noise/signal ratio of 
approximately -21.5 dP# and a motor noise ratio of about -25 dB, 
These parameter values are consistent with previous analysis of 
single- variable laborator** tracking tasks (18# 19]. 


Comparison of experimental freouency-domain measures with 
model results is provided in Fieure 7. Note that comparisons 
are shown for both the input-eurrelated and remnant-related 
components of the control spectrum. 

Ilavine ouantified the pilot-related parameters on the 
basis of visual track. i^g# we then attempted to predict differences 
between visual and tactual tracking performance from an analysis 
of the tactual displav properties alone# Since a minimum tracking 
error of 0#1 units was reouirad to generate a seouence of two or 
more tactors# an effecti**e threshold of 0.1 unit was assumed for 
parception of error displ %cement. An easentially infinite 
threshold was specified for error rate on the assumption that 
the sample-and-hold type of coding scheme programmed for the 
tactual display would prohibit the direct perception of useful 
rate information. 

Perceptual time delav was incremented to account for the 
delay imposed by the tactual coding scheme. The slse of the 
increment had to be recomputed for each experimental condition 
because of the dependent relationship between display-related 
time delay and tracking error. The display period associated 
with the error 8D score was taken as a rough estimate of the 
z squired increment and was determined from the appropriate 
timino curve of Figure 4. 

An incremental time delay of approximately 0.45 seconds 
was derived for the single-axis# large-input pitch task. Tnis 
increment was added to the 0.2 seconds determined from the 
visual tracking data to yield a combined pilot-displav time 
delay of 0.65 seconds. 

Values for motor time constant and noise/aignal ratios 
derived from the visual tracking experiments# along with the 
revised computations of time delay and perceptual thresholds# 
allowed a tentative prediction of tactual trackino performance. 
These predictions did not provide a satisfactory match to the 
data# however. Only slightly over half of the differen^je between 
visual and tactual errors was accounted for. Moreover# the 
model predicted a substantially lower control SO score than 
was actually measured for the t^ :tual display. We found# 
however# that an increase in motor noise/signal ratio to 
abouc -14.5 dB allowed both error and control SO scores to 
be matched to within 10%. Ae the reader can judge from 
Figure 8# a good match to the frequency-domain measuree was 
ilso obtained. Apparently# the unexpectedly large value of 
motor noise was needed to account for the way in which pulne- 
like control behavior influenced the measuroments. 



4>uu«tB) PHASE SHIFT (deg) AMPLITUDE RATIO (dB) 



FREQUENCY (rod/Mc) 


Fin PI 7. riroucnc''-Pof»’ain Measures for Visual Tracking, l*axis Pitch 
rvo*-aoc of 2 F^xihjects, 2 Trials/Subj ect) 
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FRCOUENCV<r«d/Me) 


ricuRF. 8 . Preouenev-Domain Maaaurea for Tactual Traekino, :>aaia riteh 
(Averaqe of 2 Subjacta.3 Triala/Subjeet) 
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Except as noted below, nodel parameter valnea determined 
in this calilration effort were used to nreciict the effects on 
svsteir pcrforrance of (a) a chanqe in input ampHtude, (b) the 
aedition of a second axis of tracXinq, and (c) the effects of 
cham-incT tno vehicle dvnarics fror Pitch to roll* Time delav 
vas recorruted in each case, and the effects of central attention* 

Shan no in the two-axis taek were represented by a doublinc of the 
observation nolse/siqnal ratM (se^ Refa. 20, 21) • Parameter 
values used in obtaininc these rredietiona , as veil as thosh> used 
in the : recei'irr caiihratirn efforts, are shown in Table 2* 


raMc 2 

’’alucc for Pi lot-^elatcd **odel Parameters 


Parameter Values 



-r - r^frcnivr perceptual time delay, , 

” ^ - rotor time constant, seconds* 

Vo - di?:n Jarrprnt threshold, machine u. 

- rate threshold, machine units* 
p., * ohnirvation noisc/alonal ratio, dB* 

P * rotor nojs»"/siqna) ratio, dh* 



?£ ®2* •ttot attS oouftrol *1) 

in^t pitch eoorec , all nodal rctalta ar* tm* predict iona; para- 
^®1***> hav* not <.a*n road)wt*d to provid* the b**t pateit 
in eacii ease* 

^ •KP*et*d, th* BD Boor** for traofcia, oner wore pro* 
die^ nor* aoeuratoly than tha aeoras fer control effort. 
Porfemaoc* naaaurao for the lewinput. l*axia pitch taak w*r* 
predict neat eloaalyi th* diff*r*ne* b*tw**n pradlctad and 

WM naellalbl*. and a eood 

obtalnad,**^ fraoyanev-domain maauras (net ahetm hare) waa 

W»a nodal acoountad for about half of the ineratMnt in tha 

failed 

to TCceunt for the obsorvad inenaaa in eentrel aeor*. Coa>r>arl*en 
dhd pradief d eentrol spectra shewn in Piour* 10 
r ?'*"??®** tdPPlta froa an under-pradietien of 
the ‘*^® *««»»•*• oradlction of 

potion - particularly th* phasc-ahift 
to • rcdaonabla approxination waa nade 

to tha affactivo tin* delav inpesed bv the tactual display. 

loa f*”® !*®®* *'f* PP«*ietad to within about 

» * ?5 naaaurod value. Inapeetien of th* fr*nu*noy>donain 

Slm*rhv”fMS*T*?«!l££?ih*"^i2?y? ***®i »od*llino errora a t a wna d 
prinarilv fren a too*hi*h pradietien of r*nnant*r*latod control 
power* 


Exparfneat ft Conparisan of Tactual and OuantUad Visual Ofsplays 

•wtonJto P»n»«Plw*Pt waa daai*nad to dotomln* th* 

«*^tantlal e*rfon»*nea deeranant aaaoeiatad 

itoSi)*^ **"i£ T •**>fi'»«»t*d to the eedinn aelMm* 

A*®***^ >*PfctP*no* aeeraa obtained with th* tactual dianlav 

*®*parad with thosa obtainsd with the euantiacd viaual 
diaplav daaeritwd earlier, one* and twe*axia niteh and roil 
perfornanca waa axplorad. Vahid* and input dynamic* war* 
idantieal te the** uaad in the firat axperinant. and a aincla 
level of input anplituda (relative anpin^ of 0.5) wm 

.. error and eentrel 80 aeorea ar* erosa*plotted for 

•••• ePneption. perfomaneo 
*'**•* *'*® vtsuat diaplav differed by 

froff eorreapondino Mssures obtained with the 
tactual diaplav. BinM thaaa torfomanea naaauras ahewad no 

data ohtainM with the euantised viaual diaplav waa eenaidared . 
tc be redundant and, tharefera, unnaceasarv* 
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On thtt baain of the results shown In Fioure 11 we conclude 
that the dearadation in tracking norformanee associated with the 
tactual disrlav was due nrlrarilv to the eodinq scheme and not 
to the use o<* the tactual sensorv mode ner so. We do not rule 
out the noBslbilitv that such effects i/cre rresent — assertinc 
onlv that thev v»ere small comnared to the effects of the eedinc 
scheme* 
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Experiment ?: CerMned Trackino and visual **nn1tor1ne 

The visual monitorine task desorihed in flection 2 war 
combined with a tracking task in order to determine the notcntial 
effectiveness of tactual disnlavs in multi-task situations that 
imnose a hinh visual scanninn v/orkload* The trackina task v*ae 
modified to rrovide a lower-bandwidth task of the t«/r»e to which 
a tactual displav mioht reasonahlv he aonlicd in rractice* In 
order that v/e could explore a single source of task interfertne#* — 
namelv# interference between traekinq and morltorlnc — a sinr^lc - 
axis trackino task v/as ernloved* 

The roll-axis task was eliminated, and the simulated r'itch 
dynamics used in the orevious experiments were modified as follov'st 
(a) the natural freouenev of the second-order filter was reduced 
from C to 1 rad/see, and (b) the sero in vehicle transfer ^uncticr 
was eliminated* The disturbance input war the sere rs »iccd In 
previous experiments and was added in na* allcl with the oi lot’s 
control input* One of the test subieci — the former rilot - 

eexTSDonted that the revised svstem behavior was similar to the 
response of the anqle-of-attack indicator to control inruts durinr 
carrier aooroach* Zn order to reduce the disnaritv between 
tactual and visual traekinq error scores, the input amplitude 
used for tactual trackino was 1/3 of that used for visual 
tracking. 

The subjects were trained on the followino five tasks t 
(a) monitoring only, <b) tracking-only with the continuous 
visual display, (c) tracking-only with the tactual display, 

(d) combined monitoring and tracking with the visual disolav, 
and Ce) combined monitoring and tracking with the tactual 
display* Each subject received a minimum of XU trials on each 
task, which appeared to be sufficient trainino to yield near- 
asymptotic levels of performance in the varicus tasks. 

Tracking and monitoring scores are shown in Ficure 12 
for single- and combined-task situations* Tr<tckino scores arc 
given in terms of mean-squared error In machirc units (1 machine, 
unit « 2 cm Indicator displacement)! monitorlro scores are in 
terms of fraction-of-time of incorrect respon!;e, divided bv 5 
to make the monitoring score numerically comrarable to the 
tracking score. 



ao8 



FXCURf 12. Ccwarison of Sinqle* and Combined-Task Tracking 
and Monitoring Performance Scores 

Averaoe of 2 subjects, 3 trials/subject 


Although visual tracking scores irere eonsistentlv lower 
than corresponding tactual tracking scores# the interference of 
the monitorinq task v;lth tracking performance was consicierablv 
less when the tactual display was used* Single-task and 
conbined-task tactual tracking scores differed on the average 
by about 12% - a difference that was not found by an analysis 
of variance to be statistically significant* The combined-task 
visual tracking score# on the other hand# was over three times 
as great as the sinole-task score* This difference was found 
to be statistically significant at the 0*001 level. 

Interference in the reverse direction was also statistically 
significant! that is# the monitorino score increased significantly 
in the presence of the tracking task. The increase in score was 
about 35% (sionificant at the 0.01 level) and was the same whether 
the tactual or the visual display was used in the concurrent 
tracking task. 


4. CONCLUSIONS 

An experimental prooram was conducted to evaluate the 
suitability of a tactual display for aircraft flight control* 

The tactual disnlav was confiourod in an X-Y format# and 
tracking error was indicated both bv the number of vibrotactors 
excited in a sequence and bv the rate at which suecessivi tac- 
tors were excited. Trackine performance was observed in simula- 
tions of high-bandwldth and low-bandwidth aircraft dynamics# and 
combined tracking and visual-monitorlno tasks were performed. 

The experimental results lead to the following conclusions « 

1. Xntarferencs between a tracking task and a visual 
monitoring task is considerably reduced when the 
tactual tracking display replaces a continuous 
visual trackine display* 

2. Tracking errors obtained with the tactual display 
used in this study are substantially greater than 
errors obtained with a continuous visual disflay 

in a similar flight-control situation. Differences 
between 1-axis and 2-axis tracking nerformance are 
also greater for the tactual display. 

3. Performance degradation of the tactual display is 
due primarilv to the ^^dine scheme adopted in this 
study - net to the u e of the tactual sensory mode 
itself. 
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Track ino errors are corrected bv intermittent rulse- 
likc control inputs v/hen the tactual display is uaed« 
arparentlv because the larae effective time lag 
imnoRcd the codinc scheme* 

5, The state-variable model for nilot/vchicle evstems 

can be used to obtain reasonably accurate nredictlons 
of trackinn error scores when the vehicle dynamics 
arc wio>-banci, despite non-Caussian pilot response 
behavior* once the r>i lot- related model parameters 
have locn adjusted to reflect the rilot-dir lay 
interaction, the effect of chances in various 
aspects of the system configuration mav be nre- 
cJictcd . 

**rclirinar'' results sucacst that the oarticular coding 
schcrc used in this study has <^ul filled our original expectations, 

;vt the cost of degraded single-task tracking performance, a tac- 
tual disf-lay has toon designed which appears to allow relatively 
little interference between tracking and visual monitoring tasks. 

The auestion remains: can an alternative coding scheme be devised 

whicr provides improved sinnle-tnsk performance while iraintaininc 
rinir am interference effects? 

Tactual cod i pc schemes that are more akin to simple intensity— 
codir.c have been found to provide superior single— task tracking 
efficiency. To our knowlcdne, hov»evcr, such displays have wt 
been shown to Ic effective in multi-task situations* Accord! nolv, 
v.*c recommend that alternative codinc schemes be explored in order 
to arrive at a tactual dirplav dcsimi which best fulfills the 
t\'in ok jectivfcs cf good sincle-task performance and mlnim.um. task 
Interference. 
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THE DB8XGN jttfD BVALOATZON OP AN AURAL STALL 
WAmiMG SYSTEM (ASMS) 


by 

Professor Nxohael H. Rsdlln 
Lieutea«at P. B. MulXomey 



The Aural Stall Warning System (ASMS) addresses 
itself to the prevention of stall and the resulting 
spin of high performance aircraft* Utilising a dis- 
tinctive yet simple aural display format, the ASMS 
not only warns the pilot of impending stall hut also 
provides eecurate angle of attack information in the 
high angle of attack regiem t^re visual presentation 
has beretc-fore proven to l>e inadequate. Small, light- 
weight A8W8 prototypes ha«/e been designed, fabricated 
and evaluated in a laboratory environment and in the 
Air Combat Maneuvering (Ai3t) arena in the Differ^itial 
Maneuverijig Simulators located at the NASA Langley 
Research Center, Hampton, Virginia. Results obtained 
indicate a marked inoreas4i in pilot performance while 
in the ACM environment and a definite prevention of 
stall with the addition of the ASW8. 


71 - 



